This is the first publication presenting the minihumanoid robot THBIP-2, the second-generation biped of Tsinghua University. It is 70 cm in height and 18 kg in weight with 24 degrees of freedom. This paper mainly addresses its mechatronics system realization, including the conceptual design, actuation system, sensing system, and control system. In addition, a walking stability controller based on zero moment point criterion and the walking simulation are presented. Finally, experiments validate and confirm the efficiency of the design.
Introduction
There has been a rapid and flourishing research progress of humanoid robotics in the last 34 years since the first biped robot Wabot-1 was developed. 1 It has been an interdisciplinary research focus and many institutes around the world have developed various humanoid robots. Some researches concentrate on biped locomotion, some on the humanoid intelligence, 2 and others focus on basic scientific fields, such as new actuation methods. 3 A series of successful humanoid robots has been published, especially the Honda humanoid robots and the Sony humanoid robots, which have achieved complex locomotion patterns and intelligence such as audio and video communication with the human being. 4, 5 However, the general research on humanoid robotics is still in the primary period and there are some basic issues to be studied, among which the hardware realization has been a pivotal technology and a bottleneck for the research advancement.
The Robotics and Automation Laboratory of Tsinghua University (RAL-THU) has developed its first-generation humanoid robot THBIP-1 since 2000. It is a human-size 32 degree-of-freedom (DOF) prototype with a height of 174 cm and a weight of 130 kg. 6 It has achieved both stable static walking and slow dynamic walking. Also, it successfully performs climbing upstairs and shadowboxing. THBIP-1 is different from other prototypes because of its special screw-nut-link mechanism utilized in the transmission system at the ankle joint, which affects the locomotion performance with the highest priority among all the joints. * Corresponding author. E-mail: kenchen@tsinghua.edu.cn This complex mechanism was designed to achieve a high driving torque during some walking phases, given the fact that the curve fluctuation of its transmission matches the fluctuation of the required torque. However, the unfixed transmission ratio also leads to the diversification of the transfer function of the ankle joint, which restricts the joint position tracking ability of the robot.
To resolve this problem, THBIP-2, an infant-size prototype with a different actuation and transmission system, has been developed (see Fig. 1 ). This paper gives a general introduction of the development of this robot, especially the design aspects and prototype realization. It is organized as follows. Section 2 describes the conceptual design; Sections 3 and 4 present the realization of actuation and sensing system, respectively; Section 5 introduces the control system hardware; Section 6 addresses the general stability controller; Section 7 describes the gait planning method and walking experiments; and Section 8 introduces the conclusions and future work.
System Conceptual Design

Configuration of degrees of freedom
The DOF configuration is the primary problem of the mechanical design and mechanics modeling. The locomotion ability is mainly affected by the DOF configuration of the lower limbs. According to the discussion of ref.
7 a leg with seven DOFs, three at the hip, one at the knee, and three at the ankle, will make the robot very adaptive to uneven floors. But considering the complexity of prototype integration design, most humanoid robots are equipped with only six DOFs at one leg. Finally, it is proved that the lack of ankle-yaw DOF does not affect the adaptability of the robot with uneven floors too much. Figure 2 shows the DOF configuration of THBIP-2. There are totally 24 DOFs, two at each ankle (pitch and roll), one at each knee (pitch), three at each hip (pitch, roll, and yaw), two at each shoulder (pitch and roll), one at each elbow (pitch), one at the wrist (yaw), one at each hand (clamp), and two in the head (pitch and yaw).
An axes intersection design criterion is utilized here. Three axes in each hip intersect at one point and two axes in each ankle intersect at one point. Also, two axes in each shoulder intersect at one point (see Fig. 2 ). This intersection design decreases the computation complexity of coordinate transformation in the forward kinematics and inverse kinematics calculation. 8 Consequently, it accelerates the gait planning and online gait modification. The intersection design also makes the highly-coupled robot model easier to be decoupled and simplified.
The knees can bend to compensate the unavoidable manufacturing and assembly error to avoid the large offset of the center of gravity (COG) in the sagittal plane when the robot stands vertically.
Main physical parameters
THBIP-2 is 700 mm in height and 18 kg in weight, which makes it convenient to be operated in experiments. Most control components are placed in the thorax and the battery is placed in the backpack. Most mechanical parts are made of aluminum alloy. In order to achieve a successful humanlike walking performance, a human-like height and weight distribution of the prototype is strictly considered.
9,10 A comparison of the height/weight distribution between this prototype and the human being is given in Table I . The human body data is from typical Chinese male adults. 11 The numbers in the first/third column are the height/weight proportions of different parts in the whole human body. The numbers in the second/fourth column are the height/weight proportions of different parts in the whole robot prototype. It can be seen that weight/height distribution of THBIP-2 is similar to the male human body, except that the height proportion of the sole is much bigger than the human body because two sets of actuation components are placed there. Other physical parameters are listed in Fig. 3 .
The distance between the two ankle centers is an important parameter. If it is too small, it will limit the motion space of the leg. Specifically, when the robot performs turningaround gait, the soles might collide. If it is too large, the offset between the ground projection of COG and the supporting center during the single-supporting phase will increase. This will decrease the zero moment point (ZMP) stability margin 12, 13 and increase the driving load of the roll-DOF of the ankle and the hip joints. After walking simulation and collision analysis, an optimized distance of 130 mm was selected. 
COG position and mass distribution
The COG position and mass distribution of the robot affect its final dynamic performance. 9 The humanoid-oriented design concept is an important reference for this. According to the dynamic model analysis and comparative simulation experiments, the COG should be over the hip joint center, the intersection point of three-hip DOF. Otherwise, the COG will jump acutely according to the walking rhythm, which leads to big fluctuation of required torque and power driving the key joints of the supporting leg. In addition, the COG should be as low as possible to enhance the stability margin by decreasing the potential overturning moment. Hence, the height of the COG of THBIP-2 is 34.94 cm, while the hip joint height is 32.45 cm.
Some hardware components, e.g., the motor drivers, can be placed in two ways, together in the thorax (Case A) or distributedly near the motors (Case B). In order to achieve an optimal mass distribution, the walking simulations based on the physical models of the previously mentioned two cases were processed. Table II shows the numerical comparison of the required effective torque of DOF of the supporting leg within a single-supporting phase. The second/third row is the required effective torque of the physical models of Case A/B. The contrast is obvious at the ankle-pitch DOF and the hip-roll DOF, which have important effects on the walking performance. Consequently, the integrated mass distribution is preferred in the THBIP-2 prototype.
Actuation System
Analysis of actuation system of humanoid robots
Because most parts of this prototype are made of metal, the weight-height ratio is much bigger than normal human bodies. It is 18 kg to 70 cm for THBIP-2 and 9.6 kg for an infant of the same height. 10 This characteristic severely limits its dynamic performance. New actuators for robots are being explored. The pneumatic artificial muscle has been considered as a potential alternative actuator because of its high power-weight ratio. 3, 14 Nonetheless, its current performance on real-time response and repeated accuracy of positioning does not meet the requirements of humanoid walking. That is why nowadays most successfully developed humanoid prototypes are still actuated by motors. In allusion to humanoid robots, especially minihumanoid robots, redundant driving ability is not preferred because it needs driving motors of bigger weights and bigger bulks, which are not permitted by the physical restriction and load restriction. Therefore, motors with too much redundant driving abilities are not preferred.
From another point of view, a humanoid robot can perform different gait patterns with different gait parameters, such as walking forward and backward, turning around, climbing upstairs and downstairs, and jogging. The different patterns with different parameters construct a space, which is nominated as the gait domain. The diverse gait patterns demand different joint actuation abilities. In some situations, the demands fluctuate in a wide range, which makes it impossible for a robot to cover the whole gait domain or most fields of the domain with a fixed set of actuators. In addition, considering the dynamic performance, it is unworthy to pursue a total coverage of the gait domain at the cost of integration of large actuation components.
This characteristic differentiates humanoid robots from industrial robots in design concepts. Herewith, many research groups developed actuator systems themselves, including the motors, motor drivers, and gearings, e.g., the servo actuators of Sony SDR robot. 5 Due to the limited fund and duration of our project, commercial products were selected for THBIP-2.
Hardware realization of actuation system
The actuation system was designed as follows. The gait planning and inverse dynamics computation with preselected walking parameters was processed to obtain the kinematic and dynamic data of each DOF; then the motors and corresponding transmission mechanisms were selected or designed; these steps with modified model parameters and walking parameters were repeated until an optimization between the coverage of gait domain and mechanical design was achieved.
The computation result of ankle-pitch DOF is given as an example. Figure 4 shows the angle, angular velocity, and angular acceleration of the ankle-pitch DOF during a whole walking gait of 16 s including the initial phase, singlesupporting phase, double-supporting phase, and ceasing phase. Figure 5 shows the driving torque and power.
Final reference parameters for the actuation component selection are listed in Table III , where T rms refers to the effective torque. It is computed as: Fig. 4 . Kinematics data of a whole walking gait. where t i is the planning interval, which is 0.02 s in our planning, and T i is the torque in each interval. Figure 6 shows the final mechanical design of anklepitch DOF. Other DOFs were designed likewise and also Faulharber products were selected. Timing belts are used as a reducer because the timing belt combined with harmonic gears is backdrivable, which is advantageous to the joint impact absorption, and it protects the harmonic gear, which is difficult to be disassembled and reassembled if destroyed.
Sensing System
Force sensing system
ZMP stability criterion is utilized in the walking control of THBIP-2. 15 Two six-component force/moment sensors are equipped to measure the ground reaction forces and ZMP position. According to the analysis of ref. 12 , the ZMP and Center of Pressure (COP) of locomotion robot superpose on each other during a walking of dynamic balance. Hence, the ZMP position is able to be obtained along with the COP position. Figure 7 shows the COP position computation model in the single-supporting phase.
The COP position in the single-supporting phase, P s -cop, is computed as: The COP position in the double-supporting phase, P d -cop, is shown in Fig. 8 . It is computed as
where x i /y i (i = 1, 2, denotes foot 1 and foot 2) denotes the X/Y -axis component of COP position of foot i. 15 
Gesture measurement system
A strapped inertial navigation system is utilized in THBIP-2 to measure the real-time gesture data. The inertial measurement units (IMU) are attached at the upper limb to measure the rotational velocity with respect to the inertial coordinate system and the acceleration with respect to the body-fixed coordinate system by the gyroscope and accelerometers. The output of IMU is processed to obtain the robot gesture and location after error compensation and coordinate transformation. Because of the small distance of the robot locomotion, only the gesture data are the main concern currently. Three accelerometers are equipped in the piezoelectric gyroscope to measure the angular velocity of three directions. A three-dimension reluctance sensor measures the initial gesture. The measurement system is illustrated by Fig. 9 .
Control System Hardware
Considering the potential extension of sensing systems and the development of more complex algorithms for gait modification and gesture adjustment, a distributed control system based on controller area network (CAN) bus was designed (see Fig. 10 ).
The main personal computer (PC) performs the tasks of interface management, decision-making, gait planning, and status display. The motion controllers compute the motor control signals, the control voltages of the motors, according to the desired gait data from the main PC and position feedback data from the incremental encoders at the motors. The embedded digital signal processor (DSP) performs the computation of the sensing data. The gait data, joint status, and sensing data are transferred by the CAN bus. Joint status data are directly shared within motion controllers by first-in first-out (FIFO) memories. The TH300 motion controller in Fig. 10 is a small self-developed 3-axes DSP controller with extension slots, which improves the performance of motion synchronization and coordination of multiaxes.
Control Algorithm
ZMP theory, the stability criterion for THBIP-2, can be briefly addressed as follows: a legged locomotion machine is able to walk stably if ZMP, the point with respect to which the moment resulted by the dynamic ground reaction force equals zero, locates within the supporting region, a convex hull of all contact points. It is under the assumption that the ground friction is large enough to ensure that the walking machine does not slip over the ground. Although debates on the availability of ZMP criterion in new situations have been proposed, 12 it is still robustly practical in current static and dynamic walking. Fig. 11 shows the dynamic balance model of biped walking. 4 The real ZMP is supposed to superpose the desired ZMP during an ideal walking. But, in most cases, overturning moments exist due to the position offset between the real ZMP and the desired ZMP. The 3-axes overturning moment is computed as Within each gait cycle, the actual gait data, which include the actual ZMP position and real upper limb posture, are computed according to data of the force sensors and the inertial measurement unit (IMU). Then, they are compared with the desired gait data, including the planned joint angles, the planned upper limb posture, and the planned ZMP position, to generate gait modification data.
The computation of inverse Jacobin matrix and decoupling of highly coupled joints is complex when generating the gait modification data. The real-time performance of the modification generator directly affects the final performance of the stability controller. Detailed discussions about the generator will be addressed in our forthcoming publications.
Walking Simulation and Experiments
Gait planning
In order to achieve smooth walking, the robot touches the ground first by the heel of the forward foot and leaves the ground finally by the toe of the latter foot (see Fig. 13 ). The planning in the sagittal plane is implemented based on the predefinition of the foot trajectory. It is processed as per the following steps:
Step 1: The foot trajectory, including its positions and angles, is planned;
Step 2: The hip trajectory is planned, which must ensure the robot posture to suffice the ZMP stability margin;
Step 3: All other joint trajectories are calculated according to the kinematic constraints.
The planning in the lateral plane is processed likewise and three-order spline interpolation is utilized during the trajectory generation.
Gait simulation
The gait simulation is processed with walking parameters listed in Table IV . The duration of double-supporting phase is 30%, which is similar to human locomotion. 16 A whole planning cycle includes a single-supporting phase and two double-supporting phases in order to ensure the completeness of the three-order spline interpolation and the smoothness of the phase switch. Figure 14 is the stick figure of a walking cycle. The torso trajectory is similar to the sine curve, identical to our analysis of human body locomotion. 17 The upper row of Figs. 15 and 16 (left) show the foot position and orientation during Step 1. The bottom row of Fig. 15 shows the hip position during Step 2. Fig. 16 (right) shows the roll angle of the supporting ankle in the lateral plane. Figure 17 shows the angle, rotation velocity, and rotation acceleration of ankle, knee, and hip joints in the sagittal plane. 
Experiments
The presented planning algorithm and walking controller have been validated in experiments. A stable walking with a step length of 0.16 m at a velocity of 2 s/step has been achieved. Fig. 18 is a video snapshot of THBIP-2 walking with these parameters. The same planning algorithm and control method have been utilized in THBIP-2 for soccer matches (see Fig. 19 ).
Conclusions and Future Work
Fundamental technologies of developing a humanoid robot, including the conceptual design, hardware realization, control strategy, and gait planning algorithms, are systematically described based on the infant-size humanoid prototype THBIP-2. Some special aspects, such as the mass distribution and the actuation system realization, are presented in detail, which is supposed to provide a reference for ongoing prototype developments. Nowadays, the hardware realization still restricts the general improvement of humanoid robot developments, especially the minihumanoid robots. Improvements of basic research fields, e.g., alternative actuators, will promote the research on humanoid robotics.
More copies of THBIP-2 are being developed for multiresearch concerns. Online gait planning and modification, stability control, and motion planning in complex environment would be our future research goals.
